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phorylation and dephosphorylation has been suggested to be an important mechanism in the control of metabolic processes in higher plants (12, 25) . Randall and his colleagues (21) have shown that phosphorylation of the pyruvate dehydrogenase complex from broccoli mitochondria results in inactivation of the enzyme. Additionally, the nuclear (17) , ribosomal (20, 24) and membrane proteins (1) of higher plants are also subject to modification by phosphorylation, although the biological significance of the phosphorylation is unknown. The phosphorylation of these proteins apparently is catalyzed by several protein kinases, including histone-type and casein (or phosvitin)-type enzymes (9, 12, 25) . Although much work has been carried out on phosphorylation of proteins and demonstration of the activities of protein kinases, little attention has been paid to phosphoprotein phosphatase (EC 3.1.3.16) which catalyzes the protein dephosphorylation reaction. There apparently has been no characterization of the phosphatase from higher plants, except a brief mention of the presence of phosphohistone phosphatase activity in pea seedlings (16) . Here, we describe the purification and properties of a phosphoprotein phosphatase from soybean hypocotyls. The enzyme is distinct from the phosphatases which catalyze the hydrolysis ofnonprotein low mol wt phosphoesters. Additionally, several lines of evidence indicate that the soybean enzyme is a nonspecific phosphoprotein phosphatase acting on phosphorylated histones, protamine, and, possibly, phosphorylated casein and phosvitin.
MATERIALS AND METHODS
Unless otherwise stated, the chemicals and biochemical compounds used in this study were obtained from the sources as indicated in the previous paper (12) . [y-32PJATP was prepared according to the method of Schendel and Wells (22) . All other chemicals were of reagent grade. Soybean seeds (Glycine max var. Wayne) were germinated in the dark and the mature hypocotyls were harvested as described (12) .
Preparation of 32P-labeled and Nonradioactive Phosphohistone Proteins. Lysine-rich histone HI and other histone species (H2A, H2B, H3, and H4) were purified from the total calfthymus histone mixture (Sigma II or IIA) by column chromatographies on BioGel P-60 and P-10 (12, 14) . A histone-type protein kinase with high specificity for histone HI was partially purified from soybean hypocotyls as described (12) ; the kinase was used to phosphorylate histone H1. For the preparation of 32P-labeled histone species other than histone H1, a cAMP-dependent histone kinase from rat liver cytosol (4) was used. The liver kinase was partially purified by ammonium sulfate fractionation and DEAE-Sephadex A-25 column chromatography.
To prepare a large quantity of 32P-labeled histone H1, the reaction mixture in a total volume of 10 ml contained 20 mM Tris-HCI (pH 8.5), 5 Preparation of 2P-labeled and Nonradioactive Phosphocasein and Phosphophosvitin. 3P-labeled casein and phosvitin were prepared with a casein (or phosvitin)-type protein kinase from soybean hypocotyls (P. P.-C. Lin, manuscript in preparation). The kinase has been purified over 1800-fold and has a specific activity of 35 nmol 32p incorporated from [y-32PJATP into phosvitin/minmg of protein. The enzyme catalyzes the phosphorylation of casein at a rate of about one-third that of phosvitin. The preparation procedures were essentially the same as that described for making phosphohistones, except that the pH of the reaction mixture was 7.0 (20 mm Tris-HCl) and that 5% trichloroacetic acid was used to precipitate the proteins. The phosphorylated casein or phosvitin was dissolved in 20 mm Tris-HCl (pH 8.0) and subsequently dialyzed extensively against this buffer. The specific activities of phosphorylated casein and phosvitin were about 16,000 and 52,000 cpm/,ug of protein, respectively. Enzyme Assays. The activity of nucleotidase was determined by the amounts of Pi released from 3'-AMP or 5'-AMP at pH 5.4 and 8.0 (13), whereas that ofp-nitrophenyl phosphate phosphatase was measured by the increased A at 410 nm. The concentration of Pi was determined by the method of Fiske and SubbaRow (7) .
Two assay methods were used to determine the activity of phosphoprotein phosphatase: one measured the amounts of 32p of phosphoprotein recovered by membrane filtration, whereas the other determined the amounts of [32P]Pi released from 32P-labeled phosphoprotein substrate, as analyzed by TLC. Although the two methods provide essentially the same result, the first method was chosen for routine assays because of its convenience. Unless otherwise stated, the standard reaction mixture in a total volume of 0.2 ml contained 20 mm Tris-HCl (pH 8.0), 22 ug [32PJhistone HI, and the amounts of phosphoprotein phosphatase preparation to release 20 to 80%1o of P from the substrate. After incubation at 28 C for 30 min, the reaction was terminated by the addition of 5 ml chilled 20%o trichloroacetic acid containing 10 mm Na-pyrophosphate. The reaction mixture was kept at 0 C for 15 Purification of Soybean Phosphoprotein Phosphatase. The purification procedures were carried out at 4 C unless otherwise stated. Routinely, 50 g mature soybean hypocotyls were homogenized in 100 ml buffer A, containing 20 mm Tris-HCl (pH 8.0), 0.2 M NaCl, 0.2 M (NH4)2SO4, I mm phenylmethansulfonyl fluoride, and 5 mm ,B-mercaptoethanol, in a Waring Blendor at top speed for I min. The homogenate (117 ml) was filtered through four layers of cheesecloth and subsequently filtered through Miracloth. The filtrate was centrifuged at 18,000g for 20 min to remove the bulk of aggregate material. The resulting supernatant, referred to as "crude extract," was brought to 50%o saturation with ammonium sulfate, stirred for 1 h, and centrifuged at 18,000g for 20 min. The pellet was dissolved in buffer B, containing 10 mM Tris-HCl (pH 8.0) and 2.5 mm fl-mercaptoethanol, and centrifuged at 105,000g for 1 h. The high-speed supernatant was poured into and mixed with 5 volumes 95% ethanol (room temperature), and the mixture was immediately centrifuged at 5,000g for 5 min at 4 C. The pellet containing the activity of phosphoprotein phosphatase was dissolved in 10 ml 0.5 M NaCl in buffer B and centrifuged at 18,000g for 15 min. The resulting pellet was washed once with the above buffer and centrifuged as described. The two supernatants in a total volume of 18 ml then were combined and dialyzed extensively against 0.5 M NaCl in buffer B for further purification of the enzyme.
The above dialyzed supernatant (9 ml) was loaded onto a Sephadex G-150 column (2.2 x 90 cm) which had been equilibrated with 0.2 M NaCl in buffer B. The column was eluted with the same buffer in 5-ml fractions at a flow rate of 15 ml/h. The fractions were assayed for the activities of phosphoprotein phosphatase, nucleotidase, and p-nitrophenyl phosphate phosphatase at pH 8.0 and/or pH 5.4. The major peak fractions of the activity of phosphoprotein phosphatase on [12PJhistone HI were pooled, concentrated by ultrafiltration (Amicon PM-10 membrane), and dialyzed extensively against 75 mm NaCl in buffer B. The dialyzed enzyme solution (30 ml) then was loaded onto a DEAE-Sephadex A-25 column (2.3 x 4 cm) which had been equilibrated with 45 ml 75 mm NaCl in buffer B. The column was eluted with 200 ml of a linear salt gradient (0.075 to 0.5 M NaCl in buffer B) in 5-ml fractions at a flow rate of 15 ml/h. The peak fractions of the activity of phosphoprotein phosphatase were pooled, concentrated to 5 ml by the ultrafiltration described above, and loaded onto a Sephadex G-100 column (1.5 x 110 cm) equilibrated with 0.2 M NaCi in buffer B. The column was eluted with the same buffer in 5-ml fractions. The peak fractions containing the activity of phosphoprotein phosphatase were combined, concentrated to 10 ml with the Amicon membrane filter, and dialyzed against 0.05 M NaCl in buffer B. The final enzyme preparation was either used directly for the study of the enzyme properties or stored in 50%o glycerol in buffer B at -20 C.
General Methods. The amount of protein was determined by the method of Lowry et al. (15) with BSA as standard. The A at 230 nm was used to estimate the concentration of histone, according to 3.5 O.D. units for 1 mg/ml of histone (14) . Urea-acetic acidpolyacrylamide gel electrophoresis of histones at pH 4.3 was performed as described (19 peaks of the activity of phosphoprotein phosphatase with a total of 80% recovery (Fig. 1) . The major peak represents 65% of the total enzyme activity recovered, which corresponds to a protein mol wt of about 30,000. Additionally, the activity of phosphoprotein phosphatase is clearly separated from that of acid and alkaline phosphatase(s) acting on p-nitrophenyl phosphate, as well as that of nucleotidase(s) acting on 5'-AMP and 3'-AMP. It is noteworthy that the activity of histone kinase is eluted in the fractions No. 45-55 with peak activity at the fraction No. 50 (data not shown). The minor peak of the activity of phosphoprotein phosphatase corresponds to a mol wt of about 60,000 and is eluted closely together with the activities of nucleotidase(s) and p-nitrophenyl phosphate phosphatase(s).
It is not known at this stage whether the dephosphorylation of phosphoprotein, [32Pjhistone HI, by the minor peak could be due to the activities of phosphatases which normally act on low mol wt nonprotein phosphoesters. Our preliminary results, however, indicate that exclusion of NaCl from both the elution buffer and the enzyme preparation ends up with the majority of the activity of phosphoprotein phosphatase in the high mol wt aggregate form and that rechromatography of the aggregate form of the enzyme on the above Sephadex G-150 column in the presence of 0.2 to 0.5M NaCl at alkaline pH recovers the enzyme activity in the low mol wt form. Apparently, soybean phosphoprotein phosphatase tends to interact or aggregate with other macromolecules present in the enzyme preparation. Nevertheless, a 4-fold purification of the enzyme (the major peak) is achieved by Sephadex G-150 column chromatography. Chromatography on DEAE-Sephadex A-25 and Sephadex G-100. Fractionation of the major peak of phosphoprotein phosphatase activity eluted from Sephadex G-150 on a DEAE-Sephadex A-25 column results in a broad peak of enzyme activity which is eluted at 0.32 M NaCl (Fig. 2A) . The recovery of the enzyme activity is 70%. There is a 3-fold increase in the enzyme specific activity and no detectable enzyme activity in the run-off fractions. The enzyme purified up to this step is nearly stable. More than 90%o of the enzyme activity is recovered after concentration by ultrafltration with the Amicon membrane. Further purification by Sephadex G-100 column chromatography resolves the enzyme activity in a single symmetric peak (Fig. 2B) . The estimated mol wt of the enzyme is about 28,000. Although a 2-fold purification is achieved by Sephadex G-100 column chromatography, there is a considerable loss of enzyme activity (34% recovery). Additionally, the enzyme purified after Sephadex G-100 chromatography appears to be unstable, but could be concentrated and stored in 50% glycerol at -20 C for at least 1 month without much loss of activity.
PROPERTIES OF SOYBEAN PHOSPHOPROTEIN PHOSPHATASE
pH Optimum, Reaction Rate and Product. The enzyme has an optimal activity at pH 7.0 to 8.0 with [32P]histone H1 as substrate (Fig. 3) . The rate of dephosphorylation is directly proportional to the amounts of enzyme added in the standard reaction mixture over a range of 0 to 0.1 ,ug protein/0.2 ml of reaction mixture (Fig.   4) . Since all the assays used in this study are based on the recovery of trichloroacetic acid-precipitated [32P]histone HI, it is necessary to determine whether the decreased amounts of 32p of phosphohistone H1 are the result of formation of [32PJPi, acid-insoluble 32P-labeled peptide fragments released by contaminating proteolytic activity, etc. Figure 5 shows the time course of dephospho- with the histone without formation of 32P-labeled peptide fragments or any significant breakdown of the histone (Fig. 6, A (Fig. 6C) . It is noteworthy that phosphorylation of histone Hl does not protect the protein against proteolytic degradation.
The degraded phosphohistone HI also can be dephosphorylated by the soybean enzyme (Fig. 6D) (Table II) . However, 1.0 mM Zn2+ or Co2+ inhibits the enzyme activity by about 70%o. MgCl2, MnCl2, Na2SO4, NaCi, KCl, or (NH4)2SO4 at 1.0 and 5.0 mm have no significant effect. NaF (1 mM) inhibits the activity by 80%. EDTA (1.0 mM) has no effect, but 5 mM inhibits the activity by 60%. ATP and inorganic phosphate compounds such as NaH2PO4 and Na4P207 are also inhibitory. cAMP (I mM) has no significant effect on the enzyme activity. Urea (4 and 6.5 M) inhibits the enzyme activity by 30 and 93%, respectively. Removal of reducing agent by dialysis from the enzyme preparation does not affect the enzyme activity. Furthermore, addition of DTT (1-5 mM) to the reaction mixture has no effect on the enzyme activity. Since the enzyme appears to be unstable in dilute solution as mentioned earlier, we have included BSA (0.05 and 0.25 mg) in the reaction mixture and found only a slight increase (15%) in the enzyme activity under the standard assay conditions. Pbosphoprotein Substrate Specificity. Figure 7 shows the kinetic behavior of soybean phosphoprotein phosphatase as a function of the concentration of [ Pihistone HI. The apparent Km value for phosphohistone Hl is 4.0 ± 0.4 Mm or about 0.09 mg/ml as calculated from the double-reciprocal plot of 1/V versus 1/S. The Km value is comparable to that observed for animal phosphoprotein phosphatases (2, 10, 16) . It is noteworthy that the aboveestimated Km value is based on the molar concentration of histone HI protein; the Km value calculated from the molar 3P concentration of [3PJhistone Hl would be similar because about 1 mol 3P could be incorporated by soybean histone kinase/mol histone HI under the experimental conditions (12) .
In addition to acting on phosphohistone HI, soybean phosphoprotein phosphatase is able to dephosphorylate other phosphorylated histone species (H2A, H2B, H3, and H4).
[P]Pi is formed from these 3P-labeled histones as analyzed by TLC of the phosphoprotein phosphatase reaction products. However, we have not studied the relative activity and detailed kinetic behavior of the phosphatase on these phosphoproteins. [3Plhistone HI was phosphorylated by a soybean histone kinase from the Sephadex G-150 fraction as described (12) . The histone had been stored at 4 C for two months before use. phosvitin on the dephosphorylation of [32PJhistone HI, however, is more complicated than simple competitive inhibition. Figure 9B shows that phosphorylated casein decreases the Km value for
[32P]histone HI without affecting V. and that phosphorylated phosvitin decreases both the Km and V,,. values. The complicated kinetic effects of phosphorylated casein and phosvitin may be partially due to the protein-protein interaction among the negatively charged protein inhibitors and the enzyme, and the positively charged substrate (histone H1). An aberration in normal kinetics has also been observed for rabbit liver phosphoprotein phosphatase whenever phosphorylated casein acts as an inhibitor for the dephosphorylation of phosphorylated histone or vice versa (10).
DISCUSSION
The results described in this report demonstrate the presence of the activity of a phosphoprotein phosphatase in soybean hypocotyls. The enzyme can be partially purified by procedures similar to those described for the preparation of the corresponding enzymes from animal tissues (2) (3) (4) (5) (6) (7) (8) . Ethanol precipitation at room temperature apparently is an important step in the purification. Lee and his colleagues (3) have shown that the activating effects of ethanol treatment on animal phosphoprotein phosphatases are due to the conversion of multiple mol wt forms of the enzyme into a single form of low mol wt (about 32,000) and the selective removal of an inhibitor protein which forms a complex with the enzyme. Our preliminary results also indicate that the low mol wt (about 30,000) active form of soybean phosphoprotein phosphatase may form a complex (mol wt, about 60,000) with another macromolecule, but whether it is an inhibitory protein remains to be examined.
The phosphoprotein phosphatase partially purified from soybean hypocotyls shows many similarities to the highly purified phosphoprotein phosphatases from animal tissues. First, based on the following two lines of evidence the soybean enzyme (EC 3.1.3.16) is distinct from other known acid and alkaline phosphaPlant Physiol. Vol. 66, 1980 
